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A FLIGHT INVESTIGATION OF ABLATION ON A
BLUNTED CYLINDER-FLARE CONFIGURATION
TO A MACH NUMBER OF 8.48

By Clyde W. Winters and William G. Witte
Langley Research Center

SUMMARY

A three-stage rocket-propelled research-vehicle system was flown to a max-
imum Mach number of 8.48 at an altitude of 25,000 feet, to determine the abla-
tion characteristics of Teflon in free flight. Continuous in-flight measure-
ments were made on the front face of the model by using variable-capacitance
sensors. The ablated-length measurements were in good agreement with analyti-
cal predictions. In addition, temperature measurements were obtained under an
unprotected inconel segment and a Teflon and lnconel composite segment on a
cylindrical test section and on the stabilizing flare of the model. Heating
rates computed from these measurements were in good agreement with predicted
values. An NASA computer program was used to obtain temperature histories and
ablation rates on the Teflon and inconel composite cylindrical test section.
Inside inconel wall temperatures obtained from this program were in good agree-
ment with measured temperatures.

INTRODUCTTION

Within the past decade ablation materials have become of particular inter-
est to the aerodynamicist. The use of ablators for thermal protection on high-
speed bodies has become an accepted compromise between weight and protective
temperature.

The early work in this field had as a prime objective the qualitative
assessment of the potentials of ablating materials as related to heating rates
encountered during flight. A theoretical treatment (ref. 1), for ablating
materials which sublime rather than melt, has indicated certain desirable prop-
erties for such materials. Other studies have shown that the absorption of
heat involves a number of complex mechanisms which require knowledge of the
material properties in various states for a complete analytical treatment.

As work progressed in this field, it became apparent that the heat-
blocking capacity or potential of ablating materials depended very strongly on
the enthalpy difference across the boundary layer (ref. 2). Experiments were



conducted at both low and high enthalpies and the results clearly indicated
that the enthalpy parameter has a powerful effect. Ensuing experimental and
analytical work (ref. 3) produced procedures suitable for predicting the effec-
tive heats of ablation.

In view of NASA objectives to fly supercircular-velocity spacecraft with
eventual reentry in the earth's atmosphere, the Langley Research Center under-
took a flight-test research project to verify these ablation parameters under
actual flight conditions (ref. 4). The data thus obtained would provide a
basis for the design information needed for the missions with high veloecity

requirements.

This report describes the performance of the ablation material, Teflon,
for a particular flight trajectory. Teflon was chosen for the test material
because its physical and thermal properties were relatively well known and a
working Teflon ablation sensor had been developed (ref. 5). The flight test
was made by use of a three-stage solid-propellant rocket which carried the test
model to a maximum Mach number of 8.48 at an altitude of 25,000 feet. Ablated-
length measurements were made over a Mach number range increasing from 5.30
to 8.48 and then decreasing to 5.85. The corresponding free-stream Reynolds

number ranged from 22 X 106 to 28 x lO6 and then decreased to 4.3 X 106.

Besides the ablation data on the nose, temperature measurements were made
so that the heat transfer on the model cylindrical section and the stabilizing

flare could be determined.

SYMBOLS
cp specific heat at constant pressure, Btu/1b-°R
g acceleration due to gravity, 32.2 ft/sec2 .
hepp effective heat of ablation, Btu/lb
H enthalpy, Btu/lb
J mechanical equivalent of heat, T78.26 ft-1b/Btu
1 length, in.
M Mach number
m ablation rate, 1b/(sq ft)(sec)
q heating rate, Btu/(sq ft)(sec)
R Reynolds number per foot
r lateral radius of nose, in.




T radius of curvature of nose, in.

0 density, 1b/cu ft

Pe density of Teflon vapor, lb/cu ft

s distance along the model surface, measured from the stagnation point,
in.

T temperature, °R or OF as indlcated

t time, sec

v velocity, ft/sec

Subscripts:

aw adiabatic wall

c coolant or Teflon gas

1 local

sl sea level

o initial condition

t stagnation

W wall outer surface

[ free stream

MODEL DESCRIPTION

The final stage of a three-stage rocket was used for the test model. (See
fig. 1.) Three sections of this model, the nose cone, the cylinder, and the
stabilizing flare (fig. 2), were specially constructed and instrumented for the
testing and analysis of Teflon. The primary objective of the test was to meas-
ure Teflon ablation on the nose of the model. In order to minimize the varia-
bles of this test a nose shape was chosen that had essentially constant heating
rates across its surface. Secondary obJjectives of the test were to measure the
effectiveness of Teflon coatings on the cylinder and flare of the model.

Nose Cone

The Teflon nose cone (fig. 3) was a body of revolution 12.10 inches in
length, having a blunted face with r/rc = 1/5 and a 10° half-angle flared



afterbody. Five ablation sensors were mounted as shown in figure 3. The lon-
gitudinal axes of the sensors were normal to the surface and in a plane passing
through the axis of revolution of the Teflon nose. Sensor 2 was located on the
front face at the stagnation point. Sensors 1 and 3 were located on the front
face, also, at s/r = 0.62. Sensors 4 and 5 were located on the 10° flare.
Ablation data are presented only for sensors 2 and 3. Sensors 1, 4, and 5
became defective prior to the test portion of the flight.

Cylindrical Test Section

The cylindrical test section consisted of the forward 12 inches of the
cylindrical portion of the model. Figures 2 and 4 show the geometry and instru-
mentation of this section. The test section was divided axially into two equal
segments. One segment was made of 0.077-inch inconel. The other segment was
a composite of 0.032-inch Teflon sheet bonded to 0.052-inch inconel, with the
external layer being Teflon. Three 30-gage chromel-alumel thermocouples were
spotwelded to the inside inconel wall of each segment at the locations indi-~
cated in figures 2 and 4. Temperature measurements were obtained for all six

locations.

Stabilizing Flare

The 10° half-angle stabilizing flare of the third-stage sustainer motor
(fig. 2) was treated in a manner similar to the cylindrical test section
described previously. It was divided axially into two equal segments, with one
segment made of 0.077-inch inconel and the other a composite of 0.032-inch
Teflon sheet bonded to 0.055-inch inconel, with the external layer being Teflon.
Two 30-gage chromel-aglumel thermocouples were spotwelded to the inside inconel
wall of each segment at the locations shown in figure 2. Temperatures were
obtained under the unprotected inconel segment, but both thermocouples under
the composite malfunctioned and no data were obtained for that segment.

INSTRUMENTATION AND TELEMETRY

The instrumentation for the flight consisted of 4 linear accelerometers,
5 Teflon ablation sensors, and 10 thermocouples. A standard 10-channel telem-
eter was used to transmit the data from the model to the ground station. The
linear accelerometers, the thermocouple commutator, and the telemeter package
were located in the cylindrical test section forward of the third-stage sus-
tainer motor.

Four channels of the 10-channel telemeter were used for the 4 linear
accelerometers. Two accelerometers measured longitudinal accelerations, one
measured normal accelerations, and one measured transverse accelerations.

A single commutated channel was used for telemetering the thermocouple
data. It was commutated so that five temperature readings per second were
obtained for each of the 10 thermocouples.
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Five channels were used for the five Teflon ablation sensors. The Teflon
ablation sensor is a device that is used to obtain in-flight measurements of
changes in the thickness of Teflon as a result of ablation. The data from the
sensor are transmitted through the telemeter as oscillator frequency changes.
A description of this sensor is presented in appendix A.

LAUNCH VEHICLE AND FLIGHT TRAJECTORY

The assembled vehicle is shown in figure 5. The flight trajectory from
the launch vehicle was such as to produce an appropriate environment for the
evaluation of the Teflon ablation material. The propulsion system consisted of
three stages which were solid-propellant rocket motors. The first and second
stages were fin-stabilized Nike M5 rocket motors. The third-stage sustainer
was a flare-stabilized XM19 Recruit rocket motor. A cylindrical transition
section formed a permanent attachment between the third-stage sustainer motor
and the Teflon nose.

The vehicle was ground launched at an elevation angle of 68° from the
horizontal on an azimuth of 80° from true north. The measured flight trajec-
tory, altitude plotted against range, is shown in figure 6. Notations are made
on the figure to indicate the time sequence of various events.

Time histories of the velocity and altitude are shown in figure 7. The
curves were obtained from radar data. As a check on the velocity obtained from
the radar, the histories of the longitudinal accelerometers were integrated and
the values obtained are shown by circular symbols. The accelerometer data
essentially follow the data obtained from the radar; however, the accelerometer
data were used in reducing the data from the model. Two hours before launch,
the density, temperature, and wind variation were measured to an altitude of
91,000 feet. The variation of the ambient values of density and temperature
with time are shown in figure 8, along with the calculated variation of the
flight stagnation temperature. The time histories of free-stream Mach number
and free-stream Reynolds number per foot are shown in figure 9.

The test environment ranged from an altitude of 18,000 feet to 63,000 feet,
over a Mach number range increasing from 5.85 to 8.48 and then decreasing to
5.80 with corresponding free-stream Reynolds numbers per foot increasing from

22.0 x 10% to 28.0 x 10® and then decreasing to 4.30 x 100. The environmental
conditions presented in this section were used in the reduction of the data
obtained from this experiment.

RESULTS AND DISCUSSION

The ablation measurements on the Teflon nose and the temperature measure-
ments and heating rates on the cylindrical test section and on the stabilizing
flare are presented in this section. Also presented here are the results of
two methods of predicting the ablation characteristics of Teflon. One method



predicts the ablated-length changes of the Teflon nose. The other method pre-
dicts ablation rates and temperature histories on the cylindrical test section.
The results and discussions are presented in three sections, one for each of
the three model test sectiouns.

Teflon Nose

The ablation data obtained during the flight between M = 5.30 and
M= 8.48 from sensors 2 and 3 are presented in figure 10 as ablated length
plotted against time; these measured values are indicated by circular and
square symbols, respectively. Values are shown from t = 7.0 seconds to
t = 15.5 seconds. Prior to t = 7.0 seconds and after t = 15.5 seconds the
sensors indicated no measurable ablation.

In figure 11, the effective heat of ablation h,ps 1is shown as a function

0.19

c T
of the modified enthalpy potential parameter (Haw - HW)CP’CCEE> . These

P, L\*W
data were obtained in the modified enthalpy potential range for Teflon of 150
to 1,150 Btu/lb. Theoretical effective heats of ablation and heating rates for
the nose sensors during the test are presented in figure 12. These data of
figures 11 and 12, used in conjunction with other information obtained from
reference 3, permit ablated-length changes to be computed. Basically, the com-
putation method involves the use of empirical relstionships which define the
behavior of ablative materials in general and of Teflon in particular. It is
of interest to compare the results determined by calculation with those measured
during flight. Therefore, computations were made which corresponded to the
flight time from 7.0 seconds to 15.5 seconds. These data are shown by the solid
curves of figure 10. The mechanics of the computational procedure are tedious
and appendix B has been included to describe the method used and the deriva-
tions of the curves presented in figures 11 and 12.

The agreement between the computed ablated-length changes and the measured
data of figure 10 is excellent. With the exception of a few data points the
experimental data agree with that predicted by theory. The ablated-length
changes with time are essentially the same for both sensors on the front face.
The sensor located at the stagnation point (sensor 2) indicated an ablated
length of 0,072 inch, whereas the sensor located at s/r = 0.62 (sensor 3) indi-
cated an ablated length of 0.077 inch.

The solid curve shown in figure 1% was obtained from figure 7 of refer-
ence 3 and 1s the predicted effectiveness of Teflon for the three-dimensional
laminar stagnation-point case. The measured ablation data from the front-face
sensors are indicated by data symbols. This figure illustrates again the good
agreement between the flight data and theory.




Cylindrical Test Section

Cylinder heat transfer.- Faired curves showing the variation of inside
wall temperature with time for the segment of unprotected 0.077-inch inconel
and the composite segment of 0.052-inch inconel and 0.,032-inch Teflon are
plotted in figure 14. The temperatures for the thermocouples in the same rear-
ward location, but in diametrically opposed positions are shown together. The
temperature histories demonstrate clearly the thermal protection provided by an
ablation coating. The temperature rise of the thinner inconel sheet covered
with Teflon is less than half that of the thicker unprotected inconel sheet.

Experimental heating rates for the 0.077-inch inconel segment are indicated
in figure 15 by circular symbols. The computational method of reference 6 was
used to obtain these values. In this method, a thermally thick wall with no

.heat flow parallel to the plate and no plate curvature is considered. The data
of figure 14 were used to compute the ocutside surface temperatures and then the
outside surface temperatures were used to compute the one-dimensional heating
rate presented in figure 15.

The measured flight aerodynamic conditions were used in conjunction with
laminar and turbulent heat-transfer theories to obtain theoretical heating
rates for the cylindrical test section. These data are shown in figure 15.
The theoretical heating rates for a turbulent boundary layer were computed by
the method of reference 7.

The agreement between the experimental data and the turbulent theory is
very good up to t = 10.0 seconds, after which the experimental rates approach
and intercept the laminar-theory curve. The lowered heating rates may indicate
downstream cooling effects due to the ejection of coolant mass from the Teflon
nose into the boundary layer. However, computations of downstream cooling
effects were inconclusive, because of the uncertainty of flow conditions and
ablation rates along the cone flare of the Teflon nose.

Cylinder ablation.- The in-flight ablation performance of relatively thin
Teflon sheets, such as the layer in the composite segment of the cylindrical
test section, cannot be measured directly at present by ablation sensors or
other means. However, a good accounting of the performance may be obtained
with the assistance of a Langley Research Center computer program based on the
analysis of reference 8. Material properties and trajectory parameters are the
primary inputs for the program. Among the outputs received from the program
are surface temperatures, inside wall temperatures, and ablation rates. It
should be noted that when a constant value for ablation temperature is assumed,
the program shows no ablation until the surface temperature reaches this value,
and then during ablation the surface temperature is limited to this assumed
value. The computer program was used to obtain the temperatures and the abla-
tion rates plotted in figure 16. As shown by the flattened portion of the
Teflon surface-temperature curve during the time of ablation, an ablation tem-
perature of 1,200° F was assumed. The deflection in the surface-temperature
curve, starting at about 6.5 seconds, is a result of the change in enthalpy due
to the decrease in free-~stream velocity after burnout of the second-stage motor.
Also plotted in figure 16 and indicated by circular symbols are the measured




inside wall temperatures along the composite segment. Although several sources
have listed different values for thermal conductivity of Teflon, the value used
in this study is 35.5 Btu/(sq ft)(sec)(®F/ft). When this value was used in the
computer program, good agreement between the measured and the computed inside
wall temperatures was obtained as shown in figure 16. This agreement increases
confidence in the reliebility of this value.

A comparison of the curves for the three thermocouple locations shows that
the ablation rates are essentially constant. This result is expected because
the heating rates for the three locations were essentially constant also.

Stabilizing Flare

Flare heat transfer.- Faired temperature histories of the inside wall tem-
peratures measured under the inconel segment of the stabilizing flare are shown
in figure 17. The temperatures are consistent with each other as well as with
temperatures measured on other parts of the model.

Experimental heating rates based on the measured temperatures were com-
puted by the method of reference 6. These values are indicated by circular
symbols in figure 18. Theoretical turbulent heating rates were computed by the
method of reference 7, and are indicated by the solid lines in figure 18. The
experimental heating rates and the theoretical turbulent heating rates are in

close agreement.

CONCLUDING REMARKS

A free-flight investigation was made of the ablation rates and shielding
effects of Teflon in high-speed flight through the atmosphere. Ablated-length
megsurements were made on the front face of the test model and temperature meas~
urements were made on a cylindrical test section and on the stabilizing flare.

The ablation data obtalned on the front face of the Teflon nose were in
excellent agreement with theory. Ablated-length time histories computed from
theoretical Teflon sblation relationships matched very closely the measure-
ments obtained from ablation sensors. Also, the measured effectiveness of the
Teflon agreed closely with predicted effectiveness.

Measured heating retes for the cylindrical test section were in good asgree-
ment with theoretical turbulent heating rates for more than half of the test
portion of the flight. But during the last part of the test, the measured
heating rates diminished below the theoretical turbulent values and finally
diminished below theoretical laminar values.

A Langley Research Center computer program was used to obtain an analysls
of the ablation rates and temperature distributions of the composite Teflon and
inconel segment located In the cylindrical test section. The inside wall tem-
peratures obtained from the program were in good agreement with the measured
inside wall temperatures. This agreement indicates that the computer program

8




can give an accurate accounting of the performance of an ablating masterial such
as Teflon and, therefore, can be used in the design of an ablation coating.

The measured heating rates on the stabilizing flare were in good agreement
with theoretical turbulent heatlng rates.

Langley Research Center,
National Aeronautics and Space Administration,

Langley Station, Hampton, Va., March 25, 196k.



APPENDIX A
SENSOR TELEMETERING SYSTEM AND CALTBRATTON PROCEDURE

Sensor Telemetering System

Inasmuch as the ablation sensor is a capacitor, it can easily be used in
a telemetering system using an inductance-capacitance oscillator. The standard
NASA subcarrier oscillator channels in the range of 100,000 to 200,000 cycles
per second are ideally suited for telemetering the small capacitance changes
involved. By connecting the capacitor across the parallel-inductance and capac-
itance circuit of the oscillator, a change in capacitance will be indicated by
a change in frequency of the oscillator. The main frequency-determining element
of an inductance-capacitance oscillator is the resconant parallel-inductance—

capacitance circuit.

The variable-capacitance ablation sensor is connected in parallel with the
main capacitance of the inductance-capacitance oscillator circuit that deter-
mines the subcarrier frequency. The hookup of an ablation sensor in an induct-
ance oscillator circuit is shown in the following schematic:

1 ]
pa % T
-1 — Antenna
C1

Co
Modulator Transmitter
where
Cq variable capacitor to adjust oscillator, tuning capacitance when
used elsewhere
Co variable-cagpacitor ablation sensor, sensor capacitance when used
elsewhere
L \tuning coil with five taps, inductance of coil when used elsewhere

As the ablation proceeds, the capacitance of the sensor decreases and the sub-
carrier frequency of the oscillator f correspondingly increases. The asso-
ciated vacuum-tube circuitry has a negligible effect on the frequency so that
the initial frequency is determined by the usual equation

f = 1 (A1)

The variation of the frequency Af with variation of sensor capacitance AC,
is given by the equation

10
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For linearity, it is desirable that C; be large relative to Co 1in order

that the fractional variation of the total capacitance Cj + Cp be relatively
small.

As an example, take the capacitance Co of a 0.75-inch-long sensor to be

250 micromicrofarads. Then, with L = 0,7 millihenry (the first of the five
taps of the inductance coil of the standard NASA subcarrier oscillator) and with
Cy adjusted so that C; + Cp = 3,245 micromicrofarads, the frequency is

108,500 cycles per second. Consider that O.5-inch length decrease of the abla-
tion sensor will decrease the capacitance by 166 micromicrofarads and the fre-
quency will increase by 2,780 cycles per second, which is approximately the
desired value of Af for proper sensitivity. Using the next tap on the coil
would have given a value of Af slightly above 3,000 cycles per second, which
is also acceptable.

Calibration Procedure

The ablation sensors cannot indicate length changes directly; however, as
the length changes, the frequency shifts on the telemeter record. The frequency
shifts can then be converted to length changes by means of a calibration curve
of length as a function of frequency.

Since no calibration of capacitance as a function of length is possible
without consuming the sensor, the direct proportionality of capacitance to
length as indicated in figure 19 was assumed. This assumption, with a calibra-
tion of the oscillator frequency as a function of sensor capacitance, provided
the curve of frequency as a function of sensor lengths shown in figure 20; this
curve was used to interpret the test results.

11



APPENDIX B
AN ANATYTICAL, METHOD FOR DETERMINING ABLATED-LENGTH CHANGES

Computation Procedure

The ablated-length curves of figure 10 may be computed from

1 -1 = gz u/\ B dt (B1)

which is a rearrangement of the basic ablation relation

0 dal

Values for m appearing in equation (Bl) may be obtained as follows:

An ablation rate m is assumed. For this assumed m, the values of Ty
and cp o are obtained from figures 9 and 10 of reference 3. By using these
J

values and the other required values as described in the next section, a modi-
fied enthalpy potential parameter and a heating rate are computed.

A value of h,pe which corresponds to this computed modified enthalpy

potential parameter is read from figure 11. With this value of hgee and the
computed heating rate, an th 1is computed from the equation

. q
m = B3)
herr (

This computed m is compared with the assumed m. If there is a differ-
ence the computed m is substituted for the assumed m and a second m is
computed. The second computed ™ is compared with the second assumed m, and
s0 on, until equal values of m are obtained. Generally, two of these itera-
tive processes are required to obtain an m which is accurate to within 5 per-
cent. The values of m are computed as a function of time and plotted. Then
equation (Bl) is used to compute the ablated-length curves shown in figure 10.

An Explanation of Figures 11 and 12

The curve shown in figure 11 is reproduced from figure 8 of reference 3%
and shows the effective heat of ablation plotted against the modified enthalpy

potential parameter.

The modified enthalpy potentisl parameter appearing in figure 11 is a mod-
ification of the enthalpy potential computed from the following equation:
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Voo

where
2gJ energy conversion factor, assumed to be equal to 50,000
Teo free-stream temperature of air as a function of altitude, obtained
from standard charts of atmosphere
Cp, w0 specific heat at constant pressure of air as a function of T
? obtained from tables of properties of gases (ref. 9)
Ty ablating wall temperature of Teflon, obtained from curve of Ty as

a function of m shown in figure 9 of reference 3 or in figure k4
of reference 10.

In the method of reference 10 the Teflon ablating surface is assumed to be a
burning surface and the surface temperature to be essentially the burning tem-
perature. The surface temperature is thus dependent on the burning rate, or
what would be the ablation rate in the case of ablating materials, and the mate-
rial properties such as density, thermal conductivity, and specific heat.

The specific heat at constant pressure represents that of the Teflon

c
b,C
vapor. It is assumed that Teflon vapor consists of CoF) molecules having a
molecular weight of approximately 100. A curve of specific heat plotted against
temperature for this vapor state is given in figure 10 of reference 3. The
vapor temperature is assumed to be equal to the surface temperature or the
Teflon ablating wall temperature.

Other parameters in the modified enthalpy potential parameter are

Ty air temperature behind strong bow shock, obtained from compressible
flow tables for air

c specific heat at constant pressure of air as a function of T,

P, 1
obtained from charts of properties of air (ref. 9) or computed from
H, - E
cy = 1~ VW for values of T, above 4,000° F
B, Ty - T
1 W
Hy local enthalpy, obtained from charts of thermodynamic properties of

high-temperature air

Normally Cp,c and T, are obtained as functions of m from figures 9
and 10 of reference 3.

The effective heat of ablation parameter appearing in figure 11 is defined

as the net aerodynamic heating rate (calculated at the temperature of the
ablating surface) divided by the rate of ablation. (See eq. (B3).) The values

13




of m in equation (B3) are determined by using equation (B2) with the results
of earlier experimental measurements.

Figure 12(a) shows the heating rates g at sensors 2 and 3. These heating
rates were identical as a result of the model surface geometry and they were
computed from the following empirical formula of reference 11 (in the notation

of the present paper):

17,600 [P [ Voo 515 How - Hy
q= I5 T = (B) e (B5)
F  {Ps1\26,000 aw = (B) 5000 k

The heating rates from this relationship are for the stagnation point on a
hemisphere. Therefore, they were multiplied by 0.7l in order to correct them
for the effects of bluntness according to figure 3 of reference 12.

Figure 12(b) shows the range of theoretical hgpp Obtained from figure 11

and used in equation (B3).

1k
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‘ Figure 1.- Photograph of model. L-60-4532




LT

O Thermocouples
° Ablation sensors

140.90 -

fa—— 20

-—16.68

98

-

-— |8.83

3

@O®| . ®

133.80 »]
Teflon
T,
cylinder flare

Antenna

Recruit motor

Telemeter packageS \®J

148.00

ZTeflon

nose cone

Figure 2.- Drawing of model. All dimensions are in inches.
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Figure 5.- Photograph of model and boosters in launch position.
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